Abstract Although wild-type Hsp70 (Hsp70WT) inhibits procaspase-3 processing by preventing apoptosome formation, Hsp70WT does not block active caspase-3. Because all caspase-3 inhibitors bear canonical DXXD caspase-3 recognition motifs, we determined whether mutated Hsp70s with caspase-binding motifs act as direct caspase-3 inhibitors. Based on Hsp70 molecular modeling, the DNQP, DEVQ, and EEVD regions localized on the surface of Hsp70WT were chosen, allowing us to design mutants while trying to avoid disrupting the global fold of the molecule and losing the possibility of protein-protein interactions. We replaced DNQP with DQMD, and DEVQ and EEVD with DEVD residues that should be optimal substrates for caspase-3. The resultant Hsp70 mutants directly interacted with active caspase-3 and blocked its proteolytic activity while retaining the ability to reverse protein denaturation and disrupt the interaction between Apaf-1 and procaspase-9. The Hsp70C-terminal mutants interacted with Apaf-1 and active caspase-3 significantly longer than Hsp70WT. The Hsp70 DXXD mutants protected neuron and teratocarcinoma (NT) cells against cell death much better than Hsp70WT whether given before or after serum withdrawal. Hsp70 mutants represent a possible approach to antiapoptotic biotherapeutics. Similar rational designs could be used to engineer inhibitors of additional caspase family members.
INTRODUCTION
Hsp70 physically interacts with Apaf-1 and apoptosis-inducing factor (AIF), resulting in suppression of caspasedependent and caspase-independent apoptosis (Beere et al 2000; Saleh et al 2000; Ravagnan et al 2001) . However, Hsp70 does not block the activity of the processed caspase-3 (Mosser et al 1997) . Apoptosis plays an important role in a wide variety of physiological and pathological processes in various organisms (Budihardjo et al 1999; Horvitz 1999) . Activation of caspase-3 is a key event in many types of apoptosis. Inhibition of apoptosis might be an important strategy for future therapies for many diseases. The development of molecules that directly block active caspase-3 may therefore have therapeutic potential for the treatment of degenerative diseases.
The amino acid sequence of Hsp70 itself could be relevant to apoptosis because Hsp70 contains DEVQ and EEVD sequences (Freeman et al 1995) , which resemble the DEVD characteristic signature cleavage motifs of the caspase-3 (Alnemri et al 1996) . These sequences could function as pseudosubstrates for active caspases, thus reducing caspase availability to cleave other cell proteins essential for cell survival (Casciola-Rosen et al 1996) . However, a recent report demonstrates that Hsp70 does not rescue substrate cleavage by activated caspase-3 (Mosser et al 1997) , indicating that the DEVQ and EEVD sequences in Hsp70 are not caspase targets. The most potent of many natural as well as synthetic inhibitors of caspases contain a tetrapeptide recognition motif (DEVD) that is optimal for caspase-3 (Zhou et al 1997; Ekert et al 1999; Clem 2001) . Based on the structural features of the caspase inhibitors mentioned here, we postulated that introducing caspase-3-binding sequences (DEVD) into the Hsp70 molecule might make Hsp70 a direct active cas-pase-3 inhibitor. Therefore, we engineered a series of Hsp70 variants. These mutant proteins were based on Hsp70 molecular modeling that predicted that point mutations on the surface of Hsp70 could be made that would tend to maintain the structural integrity of Hsp70 and could also convert the mutant proteins into direct caspase inhibitors.
To control the dose and timing of administration of Hsp70 and its mutants, we used a modified TAT sequence called a protein transduction domain (PTD) that facilitates protein entry into cells better than TAT fusion proteins (Ho et al 2001) . Therefore, PTD-Hsp70 and PTDHsp70 mutant fusion proteins were made. We show that the PTD-Hsp70 mutant proteins go into cells, interact with active caspase-3, block its activity, and significantly improve cell survival compared with PTD-wild-type Hsp70 (Hsp70WT). The additional antiapoptotic properties of these Hsp70 mutants might make them eventually useful for the treatment of acute cellular injury as well as degenerative diseases.
MATERIALS AND METHODS

Construction of the pRSETB-PTD expression plasmids
Complementary oligonucleotides containing the PTD and TAT domains were synthesized, then subcloned into a NdeI-and NheI-digested pRSETB expression vector (Invitrogen, Carlsbad, CA, USA). Deoxyribonucleic acid (DNA) sequencing confirmed that these constructs were correct. The modified PTD amino acid sequence is YA-RAAARQARA, and the TAT sequence is YGRKKRRQRRR (Ho et al 2001) .
Construction of Hsp70 mutants
The complementary DNA (cDNA) encoding human Hsp70 (ATCC, Manassas, VA, USA, pAG153-human Hsp70) was inserted in frame into the BamHI and EcoRI sites of the pRSETB-PTD vector. Hsp70 mutant constructs were made using polymerase chain reaction (PCR) sitedirected mutagenesis. PCR was performed using the following primers. For Hsp70, 528DEVD531(Hsp70.Q): F 5Ј-CGGAGGACGAGGTGGATCGCGAGAGGGTGTC-3Ј and R 5Ј-GACACCCTCTCGCGATCCACCTCGTCCTCCG-3Ј. For Hsp70, 528DEVDG532 (Hsp70.QG): R 5Ј-CGGAG GACGAGGTGGATGGCGAGAGGGTGTC-3Ј and R 5Ј GA CAC CCTCTCGCCATCCACCTCGTCCTCCG-3Ј. For Hsp70, 637DEVD640 (Hsp70.E): F 5Ј-GCCCCACCATT GATGAGGTAGATTAGG-3Ј and R 5Ј-CCTAATCTACCT CATCAATGGTGGGGC-3Ј. The Hsp70.Q.E (DEVQ → DEVD, EEVD → DEVD) mutant was made with Hsp70.Q as a template and using Hsp70.E primers. For Hsp70, 217DEVDG221 (Hsp70DEVDG): F 5Ј-GATCGACGA
CGGCCGGGGAC-3Ј and R 5Ј-GTCCCCGGCCGTGGCA CCGTCCACCTCGTCGATGCCGTCGTCGATC-3Ј. For Hsp70, 434DQMDF438 mutant (Hsp70D): F 5Ј-CAC CACCTACTCCGACCAAATGGACTTCGTGCTGATCCAG G-3Ј and R 5Ј-CCTGGATCAGCACGAAGTCCATTTGGT CGGAGTAGGTGGTG-3Ј. For Hsp70, 434DQMDG12438 mutant (Hsp70DG): F 5Ј-CACCACCTACTCCGACCAAAT GGACGGGGTGCTGATCCAGG-3Ј and R 5Ј-CCTGGATC AGCACCCCGTCCATTTGGTCGGAGTAGGTGGTG-3Ј. These plasmids were sequenced to confirm the desired mutations.
The Hsp70N (amino acids 1-430) cDNA fragment was digested with BamHI and SmaI. The Hsp70C (amino acids 420-640) was constructed with BglII and HindIII. All the above constructs were confirmed using DNA sequencing. The following constructs and reagents were also used: pET15b/caspase-3, pET21b/procaspase-9, pcDNA3/Apaf-1, pEF/caspase-3-LacZ, and poly(ADP-ribose) polymerases (PARP). pSV/␤-gal was from Promega, Madison, WI, USA Cal4-Luc from Stratagene, La Jolla, CA, USA pMEP4 from Invitrogen, Carlsbad, CA, USA and the mammalian 2-hybrid system was obtained from Clontech, San Jose, CA, USA. The other plasmids were constructed by PCR or appropriate restrictive enzyme digestion methods including pET15b/caspase-3 (p17) and pET15b/caspase-3 (p12), pVP16/Apaf-1, pVP16/cytochrome c, pET21b/Apaf-1, pET21b/PARP, pM/Hsp70WT, and its mutants, pVP16/ caspase-3 (aa29-277), and pM/procaspase-9.
Expression and purification of PTD-Hsp70 fusion proteins
All PTD-Hsp70 fusion proteins were expressed and purified according to the Qiagen (Valencia, CA, USA) protocol under native conditions. The proteins were desalted on a PD-10 column (Amersham Pharmacia Biotech, Upsala, Sweden) and concentrated with a Centriplus YM-50 column (Millipore, Billerica, MA, USA). Protein concentrations were determined using a protein assay kit (BioRad, Hercules, CA, USA) and protein purity was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (purity Ͼ98% in each protein, not shown). Protein identities were confirmed by Western blots using anti-Hsp70 (Bio-Rad) and anti-histidine (His) antibodies (Cell Signaling Inc, Beverly, MA, USA).
Western blot and immunofluorescence analysis of imported proteins
NT cells (Stratagene) grown on 6-well plates were incubated with TAT-Hsp70WT or PTD-Hsp70WT proteins in Dulbecco's modified Eagle's medium (DMEM) ϩ F12 medium plus 10% fetal calf serum under the conditions de-scribed in the figures. The cells were digested with 0.25% trypsin at 37ЊC for 30 minutes, washed 5 times with cold phosphate-buffered saline (PBS) to remove extracellular associated proteins, and lysed in radioimmunoprecipitation buffer. Western blotting was performed with anti-His antibody.
For protein localization, cells were grown on glass coverslips, then treated with recombinant PTD or TAT-Hsp70 fusion proteins for 30 minutes, and then washed with PBS containing 0.1% Triton X-100 at least 5 times to remove extracellular proteins. The cells were fixed, then stained with 1 g/mL of Hoechst (Sigma, St Louis, MO, USA) and an anti-His antibody followed by a tetramethylrhodamine isothiocyanate-conjugated secondary antibody (Sigma). The cells were imaged by fluorescence microscopy.
Luciferase, ␤-gal activity assays
Cells were transfected with equal amounts of pRSV/Luciferase and ␤-galactosidase (␤-gal) and the indicated amounts of the His-Hsp70 mutant constructs. After 24 hours, cells were exposed to 45ЊC for 30 minutes. After a 3-hour recovery at 37ЊC, cells were divided for Western blot for the Hsp70 mutants and for ␤-gal expression. Luciferease and ␤-gal activity were measured according to Promega protocols. Some of the transfected cells were divided for ␤-gal activity analysis under normal culture conditions at 37ЊC.
Immunoprecipitation
NT cells were cultured in serum-free medium for 6 hours, and then returned to 10% serum in DMEM ϩ F12 medium for an additional 6 or 12 hours. They were treated with 5 M PTD-Hsp70 and its mutants for 30 minutes, then treated with 0.25% trypsin at 37ЊC for 30 minutes, washed 5 times, and resuspended in lysis buffer on ice for 30 minutes. The protein (0.5 mg) from the cell lysates was immunoprecipitated with 2 L His antibody and 10 L protein G in 500 L reaction buffer for 2 hours with constant agitation at 4ЊC. The beads were collected after 5 washes. They were resolved by 10% SDS-PAGE, transferred to polyvinylidene difluoride membranes (BioRad), and immunoblotted with anti-caspase-3 antibody (BDTransduction Lab, San Jose, CA, USA) which recognizes active forms of caspase-3 (p17).
Hsp70 cleavage and caspase-3 inhibition assays
For cell-free experiments, 250 g Hela cytosolic extracts (S-100) were incubated with 1 L 35 S-labeled Hsp70WT and its mutants and caspase-3 activated by the addition of cytochrome c (100 g/mL) and deoxyadenosine triphosphate (dATP) (1 mM) at 37ЊC for 30 minutes in a final volume of 50 L. The sample was then subjected to 10% and 15% SDS-PAGE. For the active caspase-3 assays, 15 ng active caspase-3 (Oncogene Inc, Cambridge, MA, USA) was added in the presence of 1 L 35 S-labeled Hsp70WT and its mutants at 37ЊC for 30 minutes in the reaction buffer. Twenty microliters of the sample was then subjected to 10% and 15% SDS-PAGE.
The caspase-3 inhibition assays were carried out according to a previously described method (Mosser et al 1997) . Briefly, reaction mixtures (50 L) contained 0.5 L 35 S-labeled PARP together with 15 ng active caspase-3 in reaction buffer. For cell-free experiments, Hela S-100 fractions were incubated with cytochrome c (100 g/mL) and dATP (1 mM) to activate procaspase-3. The mixtures were incubated at 37ЊC for 30 minutes and then analyzed by 15% SDS-PAGE. Protease inhibition was studied by adding 15 M Hsp70 and its mutants to the reaction mixtures for a preincubation period of 30 minutes at 37ЊC before addition of the substrate.
DEVDase activity was determined by adding 30 ng of recombinant active caspase-3 to 100 L 20 M DEVDpNA colorimetric substrate in the presence or absence of different amounts of Hsp70WT or its mutants. The mixture was incubated at 37ЊC for 2 hours and the reaction was stopped by adding ice-cold water (200 L). The OD405 values for each sample were read.
In vitro protein interaction
Three microliter 35 S-labeled active caspase-3 (p17, p12),
35
S-labeled Hsp70WT and its mutants, and 0.5 M Apaf-1, Hsp70WT and its mutants previously immobilized on beads were incubated in binding buffer for 30 minutes at 4ЊC. The mixtures were washed 5 times and then analyzed by 10% SDS-PAGE.
For the effects of Hsp70WT and its mutants on the interaction between procaspase-9 and Apaf-1, 3 L 35 S-labeled procaspase-9 and 0.5 M Apaf-1-conjugated beads were incubated in binding buffer for 30 minutes at 25ЊC. This was then incubated with or without cytochrome c (100 g/mL) and dATP (1 mM) in the presence or absence of 10 M Hsp70WT or its mutants for 3 hours at 4ЊC. The mixtures were washed 5 times and then analyzed by 10% SDS-PAGE.
Cell survival and apoptosis assays
NT cells were treated with PTD-Hsp70 and its mutants before and after serum depletion for 3 hours as described in the figures. Cell viability and apoptotic assays were performed using 3-(4,5-dimethylthiazole-2-yl)-2,5-biphenyl tetrazolium bromide (MTT) and Hoechst staining. The pEF-caspase-3-LacZ was transfected into NT cells in medium containing 4 M thiamine (Sigma) using a NT cell-specific transfection kit (MBS Mammalian Cell Transfection Kit, Stratagene). After a 2-day transfection, cells were cultured in DMEM ϩ F12 medium containing 10 g/mL puromycin (Sigma) and 4 M thiamine for 28 days. Puromycin-resistant and caspase-3-expressing cells were selected in 96-well plates. Cells that showed regulated expression of the caspase-3-LacZ when the 4-M thiamine was removed from the medium were selected. Cell growth assays were performed as described by Mosser et al (1997) . For the apoptosis assays, NT cells were grown on coverslips. After treatment, cells were stained with 1 g/mL of Hoechest-33258 and were analyzed by fluorescence microscopy.
The mammalian 2-hybrid system
The Apaf-1cDNA, caspase-3 amino acids 29-277, and cytochrome c were in-frame inserted into a pVP16 vector, and the procaspase-9, Hsp70WT and its mutants were inframe inserted into the pM plasmid. Cos-1 cells were cotransfected with the above constructs, the Gal4-reporter and ␤-gal vector using the SuperFect TM kit (Qiagen). After 24-or 72-hour transfections, transfected cells were treated with staurosporine (STS). Luciferase activity was measured according to the manufacturer's instructions.
Molecular modeling
We modeled 3 proteins, Hsp70WT, Hsp70.Q, and Hsp70.QG using the nuclear magnetic resonance (NMR) structure of Hsp70WT (Pdb code 1CKR) as a template (Morshauser et al 1999) . Threading of the Hsp70WT, Hsp70.Q, and Hsp70.QG sequences on the sequence (521-540) of the Hsp70WT were optimized using the PDB-BLAST search and then modeled using INSIGHT 2000 (Accelyrus, San Diego, CA). After homology replacement of these specific amino acids, the structure was further energy minimized using the DISCOVER module of INSIGHT. Each model was subjected to 500 cycles of steepest descent followed by 500 cycles of conjugate gradient minimization. The figure (see Fig 5E) illustrating the surface of these molecules was created using GRASP according to the electrostatic potential scaled from electropositive (red) to electronegative (blue) (Nicholls et al 1991) .
Statistics
Error bars in all figures represent standard errors of the mean, and the differences between wild-type and mutant proteins are significantly different (P Յ 0.05, t-test) unless otherwise stated. At least 3 replicates of at least 3 separate experiments were performed for the quantitative data shown in each figure.
RESULTS
Generation of Hsp70 mutants and transduction of PTDHsp70 fusion proteins into cells
We genetically engineered the TAT or the modified TAT (PTD) into Hsp70s N-terminal. Mutant proteins were produced in which the 217FEVK220 sequence in the adenosine triphosphate (ATP)-binding domain and the 433DNQP436, 528DEVQ531, and 637EEVD640 sequences in the peptide-binding domain of Hsp70 were replaced with the caspase-3 recognition sequence DEVD or with the 4 residues (DQMD) from the cleavage site of the baculovirus protein p35. These included mutation of DNQP to DQMD (Hsp70.D), DEVQ to DEVD (Hsp70.Q), and EEVD to DEVD (Hsp70.E). Hsp70N and Hsp70C were also constructed along with the DXXD mutants. Additional mutants were constructed in which a glycine (G) was inserted after the aspartic acid (Asp) or glutamine residue: (Hsp70.DG; Hsp70.DG.Q.E; Hsp70.QG; Hsp70.QG.E; Hsp70C.QG.E, and Hsp70N.DEVDG). All proteins had His and PTD domains ( Fig 1A) . Molecular modeling predicted that the mutated regions of these proteins would not be buried internally.
To examine uptake of the TAT-and PTD-Hsp70s into cells, the purified Hsp70 proteins were added directly to cultured cells at various concentrations, and levels of transduced proteins were analyzed by Western blot. We also incubated cells with PTD-or TAT-Hsp70 at a final concentration of 10 M for the indicated times. PTDHsp70 entered NT cells in a dose-dependent ( Fig 1B) and time-dependent fashion ( Fig 1C) . PTD-Hsp70 uptake was greater than TAT-Hsp70 (Fig 1 B,C) . Immunostaining showed the PTD-Hsp70, PTD-Hsp70C, and TATHsp70WT proteins throughout the cytoplasm and nuclei (Fig 1D) . In addition, the data show that TAT-and PTDHsp70 fusion proteins and Hsp70 cross the cell membranes with different efficiencies, which suggests that TAT-and PTD-Hsp70s do not stick to cell membranes nonspecifically. In addition, detailed studies of other PTD proteins shows entry of the PTD proteins into cells both in vitro and in vivo (Schwarze et al 1999 (Schwarze et al , 2000 Ho et al 2001; Morris et al 2001) .
Hsp70 point mutants except Hsp70N and Hsp70C retain chaperone function equivalent to Hsp70WT.
Previous studies have shown that transient overexpression of Hsp70 protected cellular luciferase activity from heat inactivation (Nicholls et al 1991; Nollen et al 1999) . We, therefore, determined whether mutations of Hsp70 altered its chaperone function. For these experiments, Cos-1 cells were transfected with plasmids encoding luciferease or ␤-galactosidase (␤-gal) and the indicated HisHsp70 (Fig 2) . After a 24-hour transfection, the cells were exposed at 45ЊC for 30 minutes and luciferase and ␤-gal enzyme activities were measured. A similar refolding function can also be obtained when cells are transfected with different Hsp70 point mutants. The refolding activity of the Hsp70E mutant was marginally changed. In contrast, Hsp70N and Hsp70C both lost their refolding abilities (Fig 2 B,C) . We then determined whether Hsp70WT or the mutants would affect native ␤-gal activity. Therefore, after transfection, Cos-1 cells were exposed to 37ЊC for 24 hours and ␤-gal enzyme activity was measured. These results showed that none of the molecules had any effect on native ␤-gal activity (Fig 2A) . We also demonstrated that Hsp70 and its mutants did not alter the expression of ␤-gal. Therefore, ␤-gal can be used as an internal control in all the experiments.
Hsp70 mutants interact with active caspase-3
We performed an immunoprecipitation assay to demonstrate that the transduced Hsp70 mutant proteins interact physiologically with active caspase-3 in intact cells. Serum-deprived NT cells were treated with PTD-Hsp70 and its mutants. The cell lysates were immunoprecipitated with His antibody and then immunoblotted with cas- Fig 2. Effects of wild-type Hsp70 protein (Hsp70WT) and its mutants on thermal (45ЊC) inactivation of luciferase and ␤-galactosidase (␤-gal). Cos-1 cells were transfected with luciferase, ␤-gal and Hsp70 constructs. Twenty-four hours after transfection, some of these cells then had ␤-galactosidase enzyme activity measured as shown in Panel A. Other cells were then exposed to 45ЊC for 30 minutes (Panels B and C) and after a 3 hours recovery at 37ЊC, the luciferease (Panel B) and ␤-galactosidase (Panel C) enzyme activities were measured. Expression of ␤-Gal (fourth panel down), Hsp70WT, and mutant Hsp70s were analyzed by Western blot using appropriate antibodies.
pase-3 antibody. The results showed that the Hsp70 mutant proteins, except Hsp70WT, interacted with active caspase-3 (Fig 3A) . To determine if Hsp70 mutants directly interacted with active caspase-3, we mixed Affigelbound PTD-Hsp70 and its mutants with 35 S-labeled active caspase-3 (p17/p12). The mutant Hsp70s except Hsp70WT, Hsp70C, and Hsp70N.DEVDG bound active caspase-3 (Fig 3B) .
We then examined the interaction between these Hsp70 mutants and caspase-3 in vivo using a mammalian 2-hybrid model. Hsp70WT and its mutant cDNAs were in frame cloned into the pM vector containing the Gal4 DNA-binding domain. Similarly, the caspase-3 cDNA, composed of residues 29-277, was inserted into the pVP16 plasmid containing the activation domain. The resulting constructs were cotransfected into Cos-1 cells with a Gal4-Luciferase. Transfection of pM/ Hsp70WT, Hsp70 mutants, or pVP16/caspase-3 alone failed to activate reporter activity. However, reporter activity was dramatically enhanced when pM/Hsp70 mutant-transfected cells were treated with STS as compared with Hsp70WT, Hsp70C (C), or Hsp70N (N) (Fig 3C) . All these mutants tested behaved indistinguishably from Hsp70WT in their ability to interact with active caspase-3.
Some Hsp70 mutants are cleaved by caspase-3
Because Hsp70 mutants contained caspase-3 binding sites, we examined the potential of these Hsp70 mutants to function as pseudosubstrates for caspase-3. A cell-free system containing 35 S-labeled Hsp70 and its mutants was incubated with cytochrome c, dATP, and Hela S-100 fraction. The results showed that Hsp70.QG and Hsp70.DG mutations were cleaved (Fig 4A) . The cleaved forms of Hsp70.QG and Hsp70.DG were resolved into 2 major bands migrating at 62 and 13 kDa and 52 and 23 kDa, respectively. These matched the cleavage sites where we introduced the point mutations at positions 531 35 S-labeled Hsp70 proteins were incubated with recombinant active caspase-3 for 30 minutes at 37ЊC. The samples were resolved on 10% SDS-PAGE.
(528DEVDG) and 436 (433DQMDG) in Hsp70. To test whether the cleavages are specific for caspase-3, 35 S-labeled Hsp70 and its mutants were incubated with purified recombinant active caspase-3. The cleavage patterns ( Fig 4B) were similar to the cell-free system.
Hsp70 mutants inhibit caspase-3 activity
Because Hsp70 mutants directly interacted with active caspase-3, we tested whether Hsp70 mutants would antagonize activated caspase-3. We used an in vitro cleavage assay containing purified activated caspase-3 and 35 S-labeled PARP to monitor caspase-3 activity in the presence of Hsp70 mutant proteins. PARP protein (120 kDa) was cleaved into 95-and 25-kDa fragments when incubated with active caspase-3 for 30 minutes at 37ЊC, whereas the addition of Hsp70 mutant proteins inhibited this cleavage (Fig 5A) . In contrast, Hsp70WT, Hsp70N, Hsp70C, and Hsp70N.DEVDG had little or no effect on PARP cleavage (Fig 5A) . However, when Hsp70WT, Hsp70C, Hsp70N.DEVDG, and Hsp70 mutants were added to the Hela S-100 fraction system, all these Hsp70 proteins (except Hsp70N.DEVDG) blocked PARP cleavage (Fig 5B) . This is because Hsp70WT and most mutant Hsp70s would block the apoptosome activation of caspase-3.
Because not all the Hsp70 mutants can be cleaved by active caspase-3 and these mutants had different structural features, we hypothesized that these Hsp70 mutants may have different effects on caspase-3 activity. Therefore, we quantitatively analyzed the inhibitory effects of Hsp70 mutants on caspase-3 activity using a DEVDase assay. As expected, Hsp70WT had no effect on caspase-3 activity, whereas the Hsp70 mutants demonstrated different inhibitory effects on caspase-3 (Fig 5C) . In a time course experiment, cleavable Hsp70.QG and Hsp70.DG no longer blocked caspase activity after 3-hour incubations whereas noncleavable Hsp70.Q and Hsp70.D still did (data not shown).
A Blast alignment showed that amino acids 521-540 are highly conserved in all Hsp70 molecules. To better understand the importance of these residues, we compared the energy-minimized structures of Hsp70WT and these mutant proteins (Fig 5D) . Similarly, to further investigate the importance of hydrogen bonds formed between the arginine (Arg) in the S1 pocket and the Asp found in the P1 position (Asp531), we also mutated Arg532 of Hsp70 to ensure that there was no competition or steric repulsion between Arg532 in the S1 pocket. This mutation also provided insight into the role of this amino acid in binding and inhibiting active caspase-3 and to the cleavage of the mutant Hsp70s by caspase-3.
Using the NMR solution structure of the Hsp70WT substrate-binding domain as a homology model template, we created the models for the mutant proteins (Fig 5D, a-c): Hsp70WT (amino acids; 521-540, represented as a black ribbon) and Hsp70.Q and Hsp70.QG (amino acids; 521-540, represented as a blue ribbon and provided as an inset (Fig 5D, d-f) ). Amino acids 528-531, which resemble the canonical DEVD sequence, are exposed on the surface of Hsp70WT allowing us to generate these homology mutants while trying to avoid disrupting the global fold of the molecule and losing the possibility of protein-protein interactions. The electrostatic surface potential (Fig 5D, gi) illustrates the charge distribution on the surfaces of Hsp70WT, Hsp70.Q, and Hsp70.QG. It is notable that the negatively charged residues D528, E529, and D531 are displayed on a common face of the Hsp70.Q molecule (Fig 5D, h) . These 3 residues as well as the bulky hydrophobic residue, V530, are all conformationally positioned to form hydrogen bonds or salt bridges with active caspase-3 (Wei et al 2000) . Other mutant molecular models are not shown.
Hsp70 mutants retain the ability to interact with Apaf-1 and inhibit the interaction between procaspase-9 and Apaf-1.
Hsp70WT protein decreases caspase-3 activation at least in part by directly binding to Apaf-1. To test whether Hsp70 mutants retain a similar function, a direct interaction between the Hsp70 mutants and Apaf-1 was ascertained using a beads pull-down assay. All Hsp70 mutants except Hsp70N were efficiently retained on Apaf-1-conjugated beads (Fig 6A) . Evidence of in vivo interactions was obtained by the mammalian 2-hybrid experiment. These data showed that Hsp70WT, Hsp70DG.Q.E, S-labeled procaspase-9 was used as a positive control (first 2 lanes). The mixtures were washed and analyzed by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). (B) In vivo assays: mammalian 2-hybrid experiments were performed in Cos-1 cells cotransfected with the indicated plasmids. Luciferase activity was measured as described. (C) In vitro assays: three L of 35 S-labeled procaspase-9 and 0.5 M Apaf-1 previously immobilized on Ni 2ϩ beads were incubated in binding buffer for 30 minutes at 25ЊC and then incubated with or without cytochrome c and deoxyadenosine triphosphate (dATP) in the presence or absence of Hsp70WT or its mutants for 3 hours at 4ЊC. The mixtures were washed and then analyzed by 10% SDS-PAGE. (D) Hsp70 and its mutants interact with Apaf-1 in vivo. Cos-1 cells were cotransfected with Gal 4-Luc and the indicated plasmids. Luciferase activity was measured as described. and Hsp70C.Q.E (but not Hsp70N) interacted with Apaf-1. Notably, interaction of Hsp70C.Q.E (C.Q.E) with Apaf-1 lasted for a longer period than Hsp70WT or the cleavable mutant Hsp70DG.Q.E (DG.Q.E) (Fig 6B) .
To further test whether Hsp70 mutants disrupt the interaction between Apaf-1 and procaspase-9, Apaf-1 was bound to beads, incubated with 35 S-labeled procaspase-9, cytochrome c, and dATP, followed by incubation in the presence and absence of Hsp70WT and its mutants. Hsp70WT as well as Hsp70 mutants, except Hsp70N, disrupted the interaction between Apaf-1 and procaspase-9 (Fig 6C) . We next confirmed whether Hsp70 mutants would disrupt this interaction in cells. Cos-1 cells were cotransfected with pVP16/Apaf-1, pVP16/cytochrome c, pM/procaspase-9, pcDNA3/Hsp70WT, Hsp70 mutants, and Gal4-Luciferase. Hsp70WT and its mutants disrupted the interaction between Apaf-1 and procaspase-9 ( Fig  6D) .
Hsp70 mutants decrease NT cell death
Because the Hsp70 mutants directly inhibited active caspase-3 activity, we determined whether they protect against serum depletion-mediated cell death better than Wild-type Hsp70 protein (Hsp70WT) and its mutants and cell protection. (A) NT cells were treated with recombinant protein transduction domain (PTD)-Hsp70 and its mutants for 3 hours. Serum was removed for 24 hours and cell survival was measured using 3-(4,5-dimethylthiazole-2-yl)-2,5-biphenyl tetrazolium bromide (MTT) assays. (B) NT cells had serum removed. PTD-Hsp70 and its mutants were added 3 hours later. Cell survival was quantified 24 hours later using MTT assays. (C) NT cells were stably transfected with the catalytically active form of caspase-3. Removal of thiamine from the growth media induced active caspase-3. At the same time, cells were treated with PTD-Hsp70 and its mutants. Cell survival was measured at 24 hours using MTT assays. (D) NT cells were treated with PTD-Hsp70WT and Hsp70C.Q.E, then exposed to serum-free medium for 4 hours, and then cultured in normal conditions for an additional 8 hours. The cells were stained with Hoechst and observed by immunofluorescence microscopy. (E) Cells rescued from serum depletion by Hsp70WT and Hsp70C.Q.E retained their proliferative ability. Approximately 1200 NT cells/plate were plated in 96-well plates. One group of cells was untreated and served as the normal control. Three other groups of cells had serum withdrawn (SW) and 2 of these groups of cells were treated with Hsp70C.Q.E (5 M) or Hsp70WT (5 M). After being in serum-free medium for 12 hours, the SW groups of cells were placed back in normal culture medium for a period of 5 days. The numbers of viable cells were measured at the indicated times using MTT assays.
Hsp70WT. PTD-Hsp70WT and its mutants were added 3 hours before serum withdrawal (SW). Though cell survival was improved 48 hours later by Hsp70WT, better survival was obtained with Hsp70 mutants with caspase binding sites (Fig 7A) . The greatest protection was obtained with the Hsp70C.Q.E compared with Hsp70WT. In the second experiment, Hsp70WT and its mutants were added 3 hours after SW, and cell survival assessed 48 hours later. The mutant Hsp70s provided the greatest dose-dependent protection compared with Hsp70WT ( Fig 7B) .
The next experiment determined whether Hsp70 mutants could protect against cell apoptosis by specifically blocking activated caspase-3 activity. Therefore, active caspase-3 was produced using the procaspase-3-LacZ fusion construct for transfection because overexpression of wild-type caspase-3 alone is not toxic to mammalian cells (Ekert et al 1999) . Hsp70WT and its mutants were added to cultured caspase-3-LacZ NT-inducible cells, and cell survival was assessed 48 hours later. The Hsp70 mutants, particularly Hsp70D. Q.E and Hsp70 C.Q.E provided greater protection against activated caspase-3-mediated cell death than Hsp70WT, Hsp70N, or Hsp70C (Fig 7C) .
The effects of the Hsp70WT and Hsp70C.Q.E mutant on 4-hour serum depletion-induced apoptotic morphology (nuclei) were examined using Hoechst staining. Both Hsp70WT and Hsp70C.Q.E efficiently inhibited SW-induced apoptosis, as judged by counting cells with apoptotic morphology (condensed nuclei). The effects of Hsp70WT and Hsp70C.Q.E on SW-induced apoptosis differed significantly (Fig 7D) .
Although NT cells were protected from apoptosis, as measured by viability assays performed up to 48 hours after serum depletion, it was possible that the cells still might succumb to a nonapoptotic death (Mosser et al 1997) . This led us to determine whether the cells rescued by Hsp70WT and its mutants were able to proliferate. We, therefore, measured the relative cell survival of control and depleted cells for 6 days after SW. The surviving cells proliferated at a rate similar (days 4 to 6) to that of the cells in normal growth conditions (Fig 7E) . In addition, the mutant Hsp70C.Q.E promoted cell survival better than Hsp70WT at all times after SW (Fig 7E) .
DISCUSSION
The Hsp70 DXXD mutants, designed based on Hsp70 molecular modeling, directly block activated caspase-3 in vitro and in vivo, and greatly improve cell survival compared with Hsp70WT. Administration of Hsp70 mutants even after serum depletion is still effective in reducing cell death. The results suggest that the interval between damage and treatment with Hsp70 mutants could range up to many hours and still halt the progression of apoptosis (Fig 7C) . This postinjury protective effect means that PTD-Hsp70 mutants might have promise clinically in the treatment of acute cellular injury. The data are important for showing that even though Hsp70WT blocks apoptosome activation of caspase-3 and inhibits caspaseindependent apoptosis by binding AIF (Beere et al 2000; Saleh et al 2000; Ravagnan et al 2001) , significant additional cellular protection is afforded by Hsp70 DXXD mutants that also block activated caspase-3. These mutants would protect against death receptor, or caspase-8-mediated apoptosis, because they antagonize activated caspase-3 activity.
Because inappropriate apoptosis is implicated in a number of human diseases, cell death inhibitors might be useful for treating these diseases. Drugs that block caspase activity would be the most direct way of inhibiting cell death. However, most peptide inhibitors of caspases just delay the morphological changes of apoptosis and may not prevent the eventual cell death (Xiang et al 1996; McCarthy et al 1997) . Therefore, more efficient genetic inhibitors of caspases may be a better way to block apoptosis. Bcl-2 protein not only decreases apoptotic cell death, but the rescued cells retain clonogenic activity (Ekert et al 1999) . However, Bcl-2 has to act at steps before caspase-3 activation. Moreover, once Bcl-2 is cleaved by caspase during apoptosis, the truncated Bcl-2 fragment (C-terminal of Bcl-2) becomes a proapoptotic protein that accelerates cell death, converting Bcl-2 from a protective to a lethal protein (Cheng et al 1997; Clem 2001) . Although some viral proteins, such as CrmA and p35 can block caspase activation, they are insoluble, tend to aggregate, and might have significant side effects. Moreover, there are many examples of models of apoptosis that are CrmA-insensitive (Garcia-Calvo et al 1998) . In whole-cell models of apoptosis and in animal models of disease, the peptide-based inhibitors are not sufficient for caspase inhibition, presumably because of rapid clearance, instability, and poor cell penetration (Enari et al 1995; GarciaCalvo et al 1998) . Inhibitor-of-apoptosis protein (IAP)-bound apoptosome would serve to immediately inhibit caspase-9 and -3 or prevent release of caspase-3 from the apoptosome. However, IAPs would just prevent a modest stress in which only a small portion of caspases are activated (Bratton et al 2001) . Like Bcl-2, c-IAP1 is cleaved by caspase-3 to produce a proapoptotic C-terminal fragment (Clem 2001) . Though Hsp70WT cannot block active caspase-3, the Hsp70 mutants are potent and direct inhibitors of active caspase-3. Inhibition is mediated by binding of active caspase-3 to an introduced consensus recognition site at P 4 -P 1 ↓ P 1 Ј residues (528DEVD ↓ R532) in Hsp70, which efficiently blocks the catalytic activity of caspase-3. Asp531 is a critical residue because Hsp70WT (528DEVQ ↓ R532) cannot inhibit active caspase-3. Interestingly, the Hsp70 mutant (528DEVD ↓ G532) does not stably associate with active caspase-3 because substitution of the 532Arg residue for 532Gly significantly abrogated the ability of the molecule to inhibit caspase activity. This data provides evidence that residues outside the P 4 -P 1 recognition site also participate in caspase inhibition. These results open the door for designing other novel molecules that might be even more optimal anticaspase inhibitors.
Our models of these modified Hsp70 proteins suggested that a single point mutation, Gln531 to Asp531, would be sufficient to create an Hsp70 analog that bound to and inhibited active caspase-3. This hypothesis was based on the premise that the presence of a nitrogenbearing side chain at this position in Hsp70WT could sterically hinder critical interactions between Arg64, Gln285 and Arg355 of caspase-3 or provide an alternative hydro-gen bond donor that could disrupt Hsp70WT interaction with caspase-3 (Lazebnik et al 1994; Nicholson et al 1995; Nicholson 1996) . Using homology modeling and energy minimization we observed that this mutation only modestly perturbed the backbone conformation of the Hsp70.Q analog in comparison with the Hsp70WT structure. This model also suggested that the conformation of the Asp531 side chain, which facilitates the formation of critical hydrogen bonds that are needed between this P1 residue and the caspase-3 S1 pocket, remained exposed on the surface of the structure (Fig 5D) . Although Hsp70.QG and Hsp70.Q possess identical caspase-3 recognition sequences, an electronegative patch that is localized around Asp531 on the surface of Hsp70.QG is notably absent on the surface of Hsp70.Q (light red area, Fig 5D, i) . This is most likely due to a modest conformational change that is localized around these residues after the Gly532 for Arg532 mutation. Interestingly, Hsp70.QG but not Hsp70.Q is a cleavable pseudosubstrate for caspase-3. These data suggest that a substitution of arginine for glycine at this position in Hsp70.QG increases the conformational flexibility around this residue facilitating greater accessibility to the canonical caspase-3 sequence, which would permit cleavage, whereas Hsp70.Q remains more sterically hindered (Fig 5D, f) . Taken together these data support the critical necessity of an Asp in the P1 position of caspase-3 inhibitors and suggest an interesting regulatory role for R532 in mediating functional HSP70-caspase-3 interactions. Our data ( Fig  3C) show that the substitution of arginine at the p1Ј site with glycine significantly decreases the ability to bind active caspase-3. It indicates that the Hsp70 mutant containing optimal substrate sequences in their pseudosubstrate sites are not the optimal caspase inhibitors. It also demonstrates that P1 residues of substrate determine the caspases binding ability, whereas p1Ј residues control the caspase cleavage property. This would be important in various disease processes where endogenous Hsp70 would block apoptosome activation of caspase-3, but it would not block death receptor-induced cell death. Therefore, the Hsp70 DXXD mutants expand the Hsp70 protective potential by blocking death receptor-induced cell death and would improve cell survival in acute disease processes by blocking already activated caspase-3.
Another striking finding of this study is that Hsp70C protects NT cells against serum depletion to a greater degree than Hsp70WT, which is consistent with a previous study (Li et al 1992) . A similar Hsp70C construct (Hsp70 with the adenosine triphosphatase [ATPase] domain deleted), when constitutively expressed in Rat-1 cells, protected the cells from extreme hyperthermia (Li et al 1992; Stege et al 1994; Volloch et al 1999; Yaglom et al 1999) . Hsp70 mutants with only the last 57 amino acids in the carboxy terminus of Hsp70 abrogate procaspase-3 activation (Li et al 2000) . This inhibition of the mitochondrial apoptotic pathway by this Hsp70C mutant (Li et al 2000) is identical to our results. Taken together, these results suggest that the ATP-binding domain of Hsp70 is dispensable for its antiapoptotic function in some cases. Interestingly, we also show that the Hsp70C and its mutants interact with Apaf-1 and active caspase-3, and these interactions last longer than Hsp70WT. The explanation for this finding may be that ATP binding to the ATPase domain lowers the affinity of Hsp70 for its substrates (Bukau and Horwich 1998; Brehmer et al 2001) . Moreover, the Hsp70 mutant lacking the ATPase domain is able to bind its substrates but cannot dissociate from them (Yaglom et al 1999) .
